Background: Mycobacterium avium subsp. paratuberculosis (MAP) is a widespread chronic disease of ruminants that causes severe economic losses to the dairy cattle industry worldwide. The objective of this study was to evaluate the association between individual cow MAP-ELISA and relevant milk production predictors in dairy cattle using data routinely collected as part of quality and disease control programs in the Midwest region of the U.S. Milk ELISA results of 45,652 animals from 691 herds from November 2014 to August 2016 were analyzed. Results: The association between epidemiological and production factors and ELISA results for MAP in milk was quantified using four individual-level mixed multivariable logistic regression models that accounted for clustering of animals at the farm level. The four fitted models were one global model for all the animals assessed here, irrespective of age, and one for each of the categories of < 4 year-old, 4-8 year-old, and > 8 year-old cattle, respectively. A small proportion (4.9%; n = 2222) of the 45,652 tested samples were MAP-seropositive. Increasing age of the animals and higher somatic cell count (SCC) were both associated with increased odds for MAP positive test result in the model that included all animals, while milk production, milk protein and days in milk were negatively associated with MAP milk ELISA. Somatic cell count was positively associated with an increased risk in the models fitted for < 4 year-old and 4-8 year-old cattle. Variables describing higher milk production, milk protein content and days in milk were associated with significantly lower risk in the models for 4-8 year-old cattle and for all cattle. Conclusions: Our results suggest that testing cows with high SCC (> 26 × 1000/ml), low milk production and within the first 60 days of lactation may maximize the odds of detecting seropositive animals. These results could be useful in helping to design better surveillance strategies based in testing of milk.
Background
Mycobacterium avium subsp. paratuberculosis (MAP), also known as paratuberculosis, is a chronic, gastrointestinal disease affecting domestic ruminants. MAP is caused by infection with MAP, an agent capable of infecting a wide range of domestic and wild animals, specially ruminants [1] . MAP is an OIE notifiable terrestrial disease (OIE-listed diseases, infections and infestations in force in 2016-http://www.oie.int/animal-health-inthe-world/oie-listed-diseases-2016/), and in the U.S., based on the most recent herd study, herd-level prevalence are as high as 90% [2] , indeed MAP is a major problem for livestock health and productivity not only in U.S. but also globally.
The annual economic impact of MAP on the U.S. livestock industry has been estimated to of the order of hundreds of millions of dollars, and losses to the dairy industry alone are estimated to reach $200-250 million [3] . Absence of effective control measures to reduce MAP within-farm prevalence reduces farm income due to increased premature animal removal [4] and costs associated with MAP diagnostic testing [5] . In addition, MAP infection often leads to reduced milk production and quality, such as low fat and protein content [6] , premature mortality, weight loss, early culling, and reduced slaughter value [7] [8] [9] . However, contradict results regarding the impact of MAP on milk yield and days in milk have been reported. This is especially true when serological tests are used to define MAP-infection status [10] [11] [12] , and may be related to the long incubation period of the disease. The long incubation period also impairs the ability to use standard definitions for infected animals across studies difficult. Evaluating the impact of MAP infection is further complicated by differences in samples and diagnostic tests used in different studies.
At the individual level, presence of MAP antibodies has been linked to lactation number, lactation persistence (defined as the rate of decline in production after the peak milk production has been reached) [13] and milk production [11, 12, 14] . Age is another individual factor typically associated with increased odds of positivity [15] , likely due to the course of MAP infection that is expected to be age-and infection-stage specific [16] . In addition, some found evidence of a seasonal pattern in birth of ELISA-positive cows in US dairy herds [17] . Nevertheless, due to the lack of periodic testing and standardized definitions of what an infected animal is, inconsistent epidemiological findings for MAP are quite common [18] .
In the state of Minnesota there are 3470 licensed dairy herds and 460,000 dairy cattle (Minnesota Department of Agriculture-https://www.mda.state.mn.us/food/business/~/media/Files/food/business/economics/dairyindprofile.pdf ), and the state ranks 7th in number of cows and 8th in milk production nationally, based on the latest data from the United States Department of AgricultureNational Agriculture Statistics Service (USDA-NASS). In MN, individual MAP prevalence has been estimated via diverse sample sources, ranging from 10% to 14% [19] , whereas a within-herd mean of 13% positive animals, alternating from 0% to 67% was estimated based on ELISA [20] .
The Dairy Herd Improvement Association (DHIA) stores information concerning milk production and quality, and offers testing for MAP to participant farms. In 2016 the participant farms included 1625 dairy herds in MN. Here, we used an individual-level mixed model that accounted for clustering of tested animals within each farm for the identification of characteristics associated with seropositivity in testing DHIA herds. The objectives of this study were a) to quantify the impact of MAP infection (defined by positive milk-ELISA results) on milk production indicators, and b) to identify cowlevel possible risk factors associated with positive milk ELISA results in dairy cattle. These results can help to understand MAP dynamics in dairy cattle herds and design age-specific risk-based MAP management plans.
Methods

Study population and data definitions
Information on production and individual characteristics from dairy cattle (Minnesota (93%), Wisconsin (7%), South Dakota (1%), and Iowa (1%)) subjected to MAP testing between November 2014 and August 2016 was provided by the DHIA. Data included 55,298 tests performed on 46,114 cattle from 691 dairy herds. Because a subset of animals (18.21%) was tested more than once during the study period, if all results were negative, only the result from the first sample was retained for analysis. If one or more tests were positive, the first positive result was kept for further analysis. After that correction, we analyzed 46,114 individual observations. Animals were classified as positive, inconclusive or negative based on a milk ELISA [IDEXX MAP Enzyme Linked Immunosorbent Assay (ELISA) kit (IDEXX Laboratories Inc., Maine, USA)] according to the manufacturer's instructions.
Explanatory variables
Variables determined in the same milk sample used for the MAP test that were available to us included sampling date, animal individual identification, date of birth, lactation number, milk production of the cow per day, fat and protein percentage in milk, reduced lactation persistency, milk urea nitrogen values, SCC, days in milk (DIM), and the 305-day mature equivalent milk production (305ME). No individual breed information was available, although overall~90% of the animals in the studied population were Holstein. Age at sampling was categorized into three classes < 4 years, 4-to-8 years, and > 8 years. In addition, season at birth (Winter [December-January-February]; Spring [March-April-May]; Summer [June-July-August] and Fall [September-October-November]) was used in the analysis. Continuous variables were also categorized into quartiles and explored in the analysis to ensure satisfactory statistical power [21] .
Data analysis
Due to the hierarchical structure of the data (i.e. multiple cows from each herd), we performed a logistic regression analysis using a generalized linear mixed model in which the output was the MAP ELISA result and herd was included as a random effect. The outcome variable was test result (positive/negative), and inconclusive results were removed from the database prior to fitting the models. First, all variables were screened in univariable models using a p-value ≤0.15 as a liberal threshold for consideration in the multivariable model [22] . Collinearity between pre-selected explanatory variables was then explored using Spearman's rank correlation coefficients for not normally distributed continuous variables. For variables with a correlation coefficient ≥ |0.50|, only the variable with the highest biological plausibility and/or with the strongest association to the output was maintained in the multivariable analysis.
Two-way biologically plausible interactions between pre-selected explanatory variables were investigated, and maintained in the multivariable selection when the p-value of the cross product was ≤0.20. Multivariable models were fit using a manual backward stepwise selection, so that non-significant variables (p > 0.05) that were not acting as confounders (a change > 40% in the coefficient of another covariate was observed when removed) or effect modifiers were removed from the multivariable model, until only explanatory variables were retained (p ≤ 0.05).
The age and DIM were considered a priori confounders based on previous evidences [11, 23, 24] and forced into all models. In addition, in order to get a better understanding of the effect of the covariates in the different production stages of the animal, three independent multivariable models were also fitted for each of the categories of < 4 year-old (n = 26,357); 4-8 year old (n = 18,626) and > 8 year old (n = 1131), as described above.
Estimated odds ratios (OR) and 95% confidence intervals were obtained as measures of predictor effect. Model fit was assessed using the deviance, and significant (Mann-Whitney test) difference in the predicted probability of positive result between observed positive and negative observations was considered evidence of adequate goodness-of-fit. The predictive capacity of the final model by estimating the area under the receiver operating characteristic (ROC) curve analysis with 95% probability intervals computed using 2000 stratified bootstrap replicates.
Sensitivity of the results to the large proportion of negative samples was tested by repeating the analyses using a matching design, in which, from the 45,652 cattle, a m:n ratio of 1:4 was use, where for each positive test result of a given farm, four negative animals within the farm were selected as controls. The alternative matching design was tested for the four models (one global model and three age specific independent multivariable models).
The selection procedure of the final model in the matching study design was similar to that described above, with the exception that the random effect at the farm level was not incorporated because the matching adjusted for absence of independence.
All analyses were conducted using the R programming language version 3.3.2 [25] . Mixed models were fitted using the package lme4 [26] and the ROC analysis was performed using pROC [27] .
Results
Descriptive results
Relatively few positive (n = 2865, 5.1%) and inconclusive (n = 470, 0.8%) test results were found among all 55,298 analyses performed during the study period. After exclusion of repeated tests and inclusive results, 45,652 assays were assessed, of which 2222 were positive (4.9%; CI 95% : 4.6-6.0%). Samples originated from 691 herds, with a median of 30 animals samples per herd during the study period [interquartile range (IQR): 24-59]). Number of samples per month ranged from 1281 (October) to 5782 (November). Proportion of positive samples per month ranged from 3.0% (CI 95% : 2.3-4.0%) to 6.1% (CI 95% : 5.4-6.8%).
Multivariable analysis
Initially, eleven variables were preselected based on a pvalue of association ≤0.15 in the univariable step. In step two, the lactation number and milk fat content were excluded due to correlation with age (r = 0.93) and milk protein content (r = 0.53), respectively (Table 1) . Similarly, 305ME was correlated with lactation persistence (r = 0.57) and excluded from further analysis.
Variables included in the final global mixed effect logistic model were age, SCC, milk production, milk protein, and DIM (Table 1) . Continuous variables were used as categorized in the final multivariable models since they provided better fit to the data. Increasing age was associated with higher odds of seropositivity, especially in higher age classes (> 4 to ≤8 year-old; OR = 1.99; > 8 years OR = 1.98). Higher values of SCC were also associated with seropositive results (> 26 to ≤39; OR = 1.36 and values greater than 39; OR = 1.66). Milk production, Age-specific models were fitted separately, the model for both < 4 year-old and 4-8 year-old cattle included SCC, milk production, and DIM, while milk protein content was only selected in the model fitted on 4-8 yearold cattle (Additional file 1). Predictive power of both models was similar to the one determined in the general model, however the model fitted for young animals showed a better performance (AUC = 85.8 and 82.9 for young -< 4 years, and adult cattle 4 ≤ 8 years old, respectively). In contrast, no variables were significantly associated with the test result for the older cattle (> 8 years).
Results from the matched design m:n were similar to those reported here, suggesting that the large proportion of negative animals did not affect the model outputs.
Discussion
Although multiple studies have demonstrated the impact of MAP infection on production, there is much variability, in quantitative terms, in the results, which makes extrapolation of results to different settings difficult [6, 7, 10, 28] . The absence of official surveillance programs in the U.S. and standardized definitions for positive status to MAP further complicates the interpretation of epidemiological studies. The study here, which makes use of passive surveillance activities routinely and voluntarily performed by dairy herds, represents an attempt to identify the characteristics associated with seropositive animals in a high herd-prevalence setting. The small [33, 34] , finally in China a 4.8% prevalence was reported using IDEXX ELISA [35] . Although SCC was here clearly associated with test result, with higher probability of positive results for those animals with increased counts (Table 1 ; Additional file 1), inconsistent results have been described in the literature [18, 36] . However, a strong association between somatic cells and antibodies against MAP has been found in Danish cows [37] . Somatic cell count was also shown to be strongly associated with higher risk for testing positive to MAP in 58,096 UK Holstein-Friesian cows, with higher SCC values in animals at higher and medium MAP risk compared with low-risk groups [12] . This effect was still evident once the possible influence of milk yield and age on probability of detection of MAP antibodies in milk was accounted for [12] . The SCC count could be useful when managing MAP, and should be interpreted altogether with other milk production parameters, such as milk yield and days in milk, that have been previously suggested to influence MAP milk ELISA results [11, 24] .
The association between age of the tested animal and ELISA results (Table 1 ; Additional file 1) is similar to that described elsewhere [16] suggesting a limited ability of milk-ELISA for the discrimination of infected cows in young (< 3 year-old) animals. Age distribution in the tested population may therefore have a significant influence in the proportion of positive animals found. For example, some have found less than 0.33% < 2 year-old positive cattle, a proportion that increased to 0.94% for > 5 years-old animals [15] . For that reason, specific models were fitted for each age category. Although results were similar for < 4 and 4-8 year-old animals (Additional file 1), no associations were observed for > 8 year-old cattle, which may be explained, at least in part, by the reduced dataset (n = 1115), which may have affected the power to detect associations. The only difference between < 4 and 4-8 year-old cattle was the association of MAP milk ELISA result with milk protein content, which was not statistically significant for the younger cattle category, which may be due to limited impact of disease on production of animals in an early stage of MAP infection [6, 14] .
Poorer performance has been observed in MAPseropositive, compared to MAP-seronegative, animals [10] .
Here, animals yielding > 86 pounds of milk per day were at a significantly lower risk of being positive (0.35, CI 95% : 0.30-0.42) compared to the baseline category (Table 1) . This could be due in part to a variation in the concentration of MAP-specific antibodies IgG in milk related with the milk production, so that animals with higher production experienced a dilution effect [11] Milk yield is also associated with age, but we observed the same association both in the multivariable model including age as a covariate and in the age-specific models, reinforcing the finding and suggesting an age-independent effect (Additional file 1). Although association was particularly strong for adult cattle, suggesting that older positive cows may have a more evident production decrease likely due to a more advanced stage of infection [6] , young MAP-seropositive animals also show relatively poor performance, suggesting the effect of MAP infection was already significant at early stages of infection (Additional file 1). However, cows with higher milk yield are often under more stress, one should also consider the negative energy balance when analyzing animal performance and disease occurrences.
Days in milk associated negatively with MAP milk ELISA positive results especially after the first three months of lactation [11] . Our results from the global and the age-specific models are in agreement with these findings: both the global and the model fitted for the adult cows suggested that after 61 days in lactation the chances of finding a positive result decreased by almost half (Table  1 , Additional file 1). Interestingly, in young cows this association was only identified after 211 days in milk, perhaps associated with a slower progress of infection at younger ages. This early negative association, for the global and adult cows model or later in the case of young animal, with days in milk is probably due to dilution of antibodies below the detection limit as suggested before [11] . The negative association between the number of liters produced and the sensitivity of MAP milk ELISA results should be further investigated. It would be interesting if data was collected in a higher resolution (i.e. weekly sampling instead of monthly), as this would allow one to capture smaller effects in the test result.
Higher protein content in milk was also associated with decreased odds of seropositivity as reported elsewhere [7] . Previously, this association was more evident for first lactation MAP-seropositive cows relative to cows that tested positive in later lactations [7] , although other authors did not observe such association before 2 years of age [38] . Although an age-protein content interaction was not found in the model regardless of age, protein content was only identified as a significant covariate in the model for adult (4-8 year-old) agespecific model, suggesting a possible modulating effect of age on the association between MAP test result and protein content, at least for certain age classes.
No significant association between season of birth and odds of positivity for MAP was found here, in contrast with what has been previously described in 24 Jersey and 4 Holstein herds this may be related to different management strategies in the assessed populations [17] . Season temperatures in MN tend to fluctuate, according to MN department of natural resources Spring vary from 2 to 6°C (north and south), Summer from 17 to 21°C, Fall from 5 to 8°C and Winter from − 13 to − 7°C our model did not find an association as others [17] found a highest probability of infection during Summer months, such association should further be investigated especially in other countries with more favorable conditions of humidity and temperature.
A major limitation of the study here was the imperfect test accuracy of MAP milk ELISA, with the manufacturer indicating a test sensitivity at 0.52 and specificity at 0.98, which could lead to an underestimation of the prevalence and the existing associations in animals in earlier stages of infection. In addition, we only had access to dairy herds enrolled in the DHIA that were conducting MAP tests on some of their animals. These herds may have a higher level of awareness about the importance of the disease, which in turn could have result in different management strategies. However, the farms assessed here represent approximately 20% of all dairy herds in Minnesota (and 43% of all Minnesota DHIA herds) (Minnesota Department of Agriculturehttps://www.mda.state.mn.us/food/business/~/media/ Files/food/business/economics/dairyindprofile.pdf ), but also representing a relatively good coverage for the Midwest region of the US. Finally, despite the limitations associated with the moderate correlation between results of milk and serum ELISA, milk samples are much more convenient, and more suitable to be use especially when considering large herds and countries with limited resources, where sampling is a big issue and to collect blood samples of such large population of cows for screening against MAP or any other disease is not possible.
Conclusion
Although the proportion of positive serological results in our study population was low, MAP infection still impacting dairy herds health in the study region. Our results suggest that cows were more likely to test positive when they had SCC above 26 (× 1000/ml) -according to the global model the model for young (< 4 years) cows -and above 39 (× 1000/ml) based on the model fitted for older cows (4-8 years). Cows with higher milk production had a lower likelihood of testing positive in all models, as well as cows that were more than 61 days into their lactation (and over 211 days for cows < 4 years). Our results provide guidelines to help design MAP sampling strategies when production data is available, upon evidences of the models sampling animals with SCC between 26 and 39 (× 1000/ml), low milk production, that are in the initial stages of lactation from 61 to 211 days' conditional on age would increase chances of identifying positive cows. However, results should be interpreted with care given the synergistic effect of several variables (age, milk production, days in milk), and the possible impact that other physiological and clinical condition (e.g. mastitis) may have, especially on the SCC counts.
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